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Abstract
With higher frequencies and broader spectrum than conventional frequency bands, the millimeter-wave (mmWave) band is
suitable for next-generation wireless networks featuring short-distance high-rate communications. As a newcomer, mmWaves are
expected to have the backward compatibility with existing services and collaborate with other technologies in order to enhance
system performances. Therefore, the coexistence issues become an essential topic for next-generation wireless communications. In
this paper, we systematically review the coexistence issues of broadband mmWave communications and their corresponding solutions
proposed in the literature, helping shed light on the insights of the mmWave design. Particularly, the works surveyed in this paper
can be classified into four categories: coexistence with microwave communications, coexistence with fixed services, coexistence with
non-orthogonal multiple access (NOMA), and other coexistence issues. Results of numerical evaluations inspired by the literature
are presented for a deeper analysis. We also point out some challenges and future directions for each category as a roadmap to
further investigate the coexistence issues of broadband mmWave communications.
Index Terms
Millimeter-wave (mmWave), coexistence, microwave, fixed services, non-orthogonal multiple access (NOMA)
I. INTRODUCTION
With a growing demand of wireless connected devices, such
as tablets, smartphones, and internet of things (IoT) equip-
ment [1], the industry of wireless communications prospers
rapidly in recent years [2]. However, the radio frequency (RF)
resources are quite limited over the conventional congested
frequency band [3]. Therefore, it is natural to look into
higher frequencies for a broader available spectrum, which has
not yet been fully licensed or occupied by various wireless
services. Particularly, the frequency band of 24.25-86 GHz,
which belongs to the millimeter-wave (mmWave) spectrum, is
considered as a promising solution [4], featuring a sufficient
bandwidth which leads to a significantly increased rate and
capacity for wireless communications. In general, we refer to
the communications over the 24.25-86 GHz band as mmWave
communications.
Compared with lower-frequency waves, mmWaves have
several unique characteristics. Due to their short wavelengths,
mmWaves suffer from a blockage effect, which prevents them
from penetrating thicker glass or walls [2]. Moreover, some of
the mmWave bands are susceptible to a severe rain or oxygen
attenuation [5]–[7]. Consequently, mmWaves are subject to a
larger path loss than lower-frequency waves during propaga-
tion, and hence mmWaves are more suitable for short-distance
communications.
As the number of devices and the demand of high data
rates increase, the ultra-dense networks [8] with short-distance
high-rate transmissions are expected to be deployed in next-
generation wireless communications, where mmWaves are
regarded as a key technology.
Despite the advantages of mmWave communications, not
all existing systems are compatible with mmWaves. Besides,
over the mmWave band are some existing fixed services, and
the incoming cellular networks with mmWave communica-
tions and these fixed services will interfere with each other.
Moreover, new proposed technologies can be combined with
mmWave communications in the network design. Therefore,
the coexistence issues of mmWave communications are es-
sential to next-generation wireless communications, not only
because of the backward compatibility required during the
transition, but also because of the promising improvement of
system performances, and these issues are the main focus in
this paper.
The contribution of this paper is to provide a systematic
review of the coexistence issues of broadband mmWave com-
munications and their corresponding solutions proposed in the
literature. To the best of our knowledge, this is the first work
that systematically introduces the recent advancements in these
issues and helps shed light on the insights of mmWave system
design.
Particularly, the coexistence issues reviewed in this paper
can be classified into the following four categories (which are
summarized in Fig. 1):
• Coexistence with microwave communications: Con-
ventional wireless networks adopt microwave commu-
nications, which generally work in the frequency band
ranging from 0.3 GHz to 6 GHz (as known as sub-6
GHz) and suffer from the limited bandwidth. Due to their
non-overlapping frequency bands, the radio interference
is not a significant problem for the coexistence of
mmWave and microwave communications. Instead, the
mutual cooperation and novel design of both communi-
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Figure 1: Coexistence issues of broadband mmWave communications
cations to enhance the system performances are the main
focuses in this category.
• Coexistence with fixed services: Over the mmWave
band, there are various existing fixed services, including
fixed satellite services and other incumbents. However,
the incoming cellular networks with mmWave communi-
cations and these fixed services will interfere with each
other. In this situation, there are an interferer (cellular
networks or fixed services) and a victim (fixed services
or cellular networks). Therefore, the interference miti-
gation mechanisms which reduce the interference to an
acceptable level are the main focus in this category.
• Coexistence with non-orthogonal multiple access
(NOMA): NOMA is a technique which multiplexes the
signals in the power domain, featuring enhanced spec-
trum sharing and power allocation [9]–[11]. Due to its
characteristics, NOMA can be combined with mmWave
communications to improve the multi-connectivity of
wireless networks [12]. Therefore, the combination of
mmWaves and NOMA is the main focus in this category.
• Other coexistence issues: In addition to the research in
the above categories, there are several works focusing
on other discrete topics of the coexistence issues of
broadband mmWave communications from different per-
spectives. The main focus in this category is to present
the diversified research directions toward the coexistence
issues.
The remainder of this paper is organized as follows. We
review the coexistence of mmWave and microwave commu-
nications in Sec. II. In Sec. III, the coexistence of mmWave
communications and fixed services is studied. The coexistence
of mmWave communications and NOMA is investigated in
Sec. IV. In Sec. V, other coexistence issues are introduced.
Results of numerical evaluations are presented in Sec. VI. In
Sec. VII, we point out the challenges and future directions of
the coexistence issues. Finally, Sec. VIII concludes the paper.
II. COEXISTENCE WITH MICROWAVE COMMUNICATIONS
In this section, we review the related issues about the
coexistence of mmWave and microwave communications. An
illustration of coexistence of both communications is shown in
Fig. 2, where user equipment can be supported by mmWave
and microwave links through the mmWave access points and
macro base station.
A. Coexistence in Heterogeneous Networks
In heterogeneous networks, mmWave and microwave com-
munications can not only coexist but also cooperate for better
networking performances. Considering the different character-
istics of these two kinds of communications, several aspects
need to be taken into account in order to put them into right
roles.
There are three critical perspectives when investigating het-
erogeneous networks: physical layer security, content caching,
and wireless energy harvesting [13].
First, physical layer security is developed as a low-
complexity measure for secure communications when mali-
cious eavesdroppers are present [14]–[18]. With the base sta-
tion densification, the physical layer security of heterogeneous
networks can be improved, since legitimate users will benefit
from enhanced spectral efficiency [19], while eavesdroppers
relying on side channels will suffer from increased interfer-
ence.
Second, content caching is required in next-generation com-
munications, where content caches should be placed near to
3Macro base station
MmWave access point
User equipment
Microwave link
Mmwave link
Figure 2: Illustration of coexistence of mmWave and microwave communications
user equipment [13]. Therefore, the development of content-
aware user association is of great importance in order to reduce
backhaul latency, and the link designation for content delivery
needs to be determined based on the characteristics of both
mmWave and microwave communications [13].
In [20], the authors investigate the content placement in het-
erogeneous networks with multi-antenna base stations. Based
on the probabilistic caching model in [21] and the average
line-of-sight (LoS) model in [22], [23], the successful content
delivery probability (SCDP) of multi-antenna base stations
in both mmWave and microwave communications is derived,
depending on channel effects, caching placement probability,
base station density, transmit power, and antenna number
[20]. In addition, [20] proposes a constrained cross-entropy
optimization algorithm and a heuristic two-stage algorithm in
order to maximize the SCDP.
Third, wireless energy harvesting is required to prolong
the lifetime of user equipment [13]. Note that the efficiency
of wireless energy harvesting depends on both RF-to-DC
conversion and path loss. Therefore, rectifier design for high
RF-to-DC conversion efficiency and adequate distance between
base stations and user equipment for tolerable path loss are
crucial [13].
In [24], the wireless energy harvesting in heterogeneous
networks is investigated. The energy coverage probability
regarding directed transferred power and ambient RF harvested
power in both mmWave and microwave tiers is analyzed
in [24]. It is shown that the power transfer connectivity
probability depends on the density of base stations [24].
In next-generation heterogeneous networks, one of the most
important applications is the intelligent transport system (ITS),
which is aimed at enabling safer and more efficient road
experiences. ITS mainly involves the design of vehicular net-
works, including both vehicle-to-vehicle (V2V) and vehicle-to-
everything (V2X) communications which can be implemented
through the technologies of both wireless communications and
IoT [25].
In [26], the authors investigate the content delivery in
heterogeneous vehicular networks, where mmWave links are
used for V2V communication, and microwave links are used
for both V2V communication and connection between base
stations and vehicles. In addition, [26] proposes an efficient
fuzzy logic [27] based algorithm selecting a predetermined
number of vehicles as gateway heads, which communicate with
both the base station and neighboring vehicles within a specific
range, according to the competency value, which depends on
three factors: velocity, moving direction, and antenna height.
In [28], the angular and temporal correlation between
mmWave and microwave bands for V2X channels is investi-
gated. Suppose there are K(t) paths in a V2X channel, where
t is the time when the channel is excited. Then, the omni-
directional channel impulse response (CIR) given frequency f
can be expressed as
h(t, τ, ψ, θ; f) =
K(t)∑
k=1
ρke
−jφkδ(τ − τk)δ(ψ − ψk)δ(θ − θk), (1)
where τ is the time delay, ψ is the angle of arrival, θ is
the angle of departure, and ρk, φk, τk, ψk, and θk are the
amplitude, phase, time delay, angle of arrival, and angle of
departure associated with the kth path, respectively. If the
CIR given one frequency is strong correlated to the CIR given
another frequency, then there is a strong angular and temporal
correlation between these two frequencies. Particularly, it is
found that there is a strong angular and temporal correlation
between 28 GHz in the mmWave band and 5.9 GHz in the
microwave band [28].
Recently, different scenarios of heterogeneous networks
have been studied in the literature.
In [29], a heterogeneous network featuring full-dimension
massive input massive output (FD-MIMO) [30], where 2D
planar antenna arrays enable 3D beamforming to specific user
equipment at the base station, is proposed. In this network,
mmWave systems adopt beam-steerable narrow-beam antennas
[7] and a sufficient number of access points, which serve as
relay nodes (RNs), to allow multi-hop communication and
LoS connectivity [31], while microwave systems adopt carrier
aggregation (CA) [32] to increase the data rate. In order to
enhance the benefits of this network, the authors of [29] adopt
the service-driven dynamic radio resource management for
proper resource allocation and propose a protocol called multi-
layered dynamic transmission scheme, where at any specific
time slot, the network will be dynamically sliced into different
layers, with each layer involving part of network nodes and
operating with either mmWave or microwave links.
In [33], a heterogeneous network where mmWave and
microwave carriers coexist in multi-connectivity phantom cells
[34] is considered. The authors of [33] propose a hierarchical
architecture, where the user equipment serves as relays to
4enable two-hop relaying [35] and which consists of a logical
central coordinator, local base station controllers, and a coop-
erative device-to-device (D2D) network, for beam discovery,
channel measurement, relay selection, resource allocation, and
interference coordination. For beam recovery and channel
measurement, [33] adopts the transmission/reception silencing
patterns in [36] to enhance the speed and scalability. For relay
selection, resource allocation, and interference coordination,
[33] adopts interference graphs to model interactions between
neighboring links and manages them with the concept of graph
coloring [37].
In [38], a heterogeneous network where mmWave links
are used for small cells with bandwidth-hungry applications
[39] and microwave links are used for macrocells, is eval-
uated under LoS, non-LoS (NLoS), and outdoor-to-indoor
(O2I) propagation environments, respectively, in a multi-user
downlink scenario. The authors of [38] assess the network
performances in terms of the cell capacity, which can be
expressed as
C = Blog2(1 + PTX +GTX +GRX − PL− SF −
Nint∑
n=1
In
−N0 − 10log10B −NF ), (2)
where B is the effective bandwidth, PTX is the transmit
power, GTX is the transmitter gain, GRX is the receiver gain,
PL is the path loss, SF is the shadow fading, Nint is the
number of non-target links operating in the same frequency
band, In is the interference caused by the nth non-target link
(n = 1, 2, ..., Nint), N0 is the noise power density, and NF is
the receiver noise figure. It is shown in [38] that the network
performances do not scale proportionally with the increase
in the effective bandwidth due to the larger noise induced
by the larger bandwidth, and that the throughput of indoor
users is significantly degraded compared with that of outdoor
users because of the indoor and penetration losses [40], [41].
Furthermore, it is expected that the issue of coexistence of
mmWave, microwave, and terahertz communications will rise,
considering the growing interests toward terahertz bands [42],
[43].
In [44], a heterogeneous network which integrates both
mmWave and microwave tiers to enable joint enhanced mobile
broadband (eMBB) [45] and ultra-reliable low latency com-
munications (URLLC) [46] is studied. The authors of [44]
propose three frameworks as a guideline. The first one focuses
on the integrated radio interface and frame structures, featuring
the medium access control (MAC) layer integration for fast
scheduling, the packet data convergence protocol (PDCP) layer
integration for reliability maximization, and flexible frame
structures for latency reduction [44]. The second one focuses
on multiple access and resource allocation, featuring mi-
crowave channel measurements and localization for overhead
and delay minimization during beam training at mmWave
radio access technologies (RATs), control-plane and user-plane
separation, joint uplink-downlink traffic management and load
balancing, and fast and reliable backhaul connectivity [44].
The third one focuses on mobility management, featuring
higher speeds of mmWave communications for mobile users,
reduction of handover failures and traffic management for
reliability enhancement, and data caching through mmWave
RATs.
B. Radio Architecture for Coexistence
In order to allow the simultaneous operations of mmWave
and microwave services, advanced radio architectures have
been proposed to enable the coexistence of communications
in both frequency bands.
Since optical fibers are proper media to offer a sufficient
bandwidth [47], the optical communications with radio over
fiber (RoF) are considered as a solution to the coexistence of
both mmWave and microwave services [48]–[50].
In [51] and [52], the authors propose an access architecture
adopting analog RoF, which enables the functional simplifi-
cation of remote antenna units (RAUs) and the multi-service
coexistence across different frequency bands, and wavelength
division multiplexing (WDM) technologies, which provide
flexibility to backhaul networks.
In [53], a mobile fronthaul architecture featuring simultane-
ous transmission of both mmWave and microwave signals is
proposed. In this architecture, the local oscillator signal gen-
erated from an optical mmWave signal generator is combined
with the laser diode-modulated microwave signal using the
optical modulation in [54]. Then, the combined signal goes
through the intermediate-frequency-over-fiber (IFoF) system
in [55] and is separated by an optical coupler. With digital
signal processing techniques, the microwave signal and down-
converted mmWave signal are obtained. Finally, the mmWave
signal is recovered after the up-conversion in either an electri-
cal or an optical manner.
In addition to the above schemes, there is also a research
direction focusing on expanding the legacy microwave radio
architecture in order to allow the coexistence of both mmWave
and microwave signals.
In [56], the authors propose a radio transceiver architecture,
which is expanded from the legacy microwave radio scheme,
for the coexistence of both mmWave and microwave systems.
Within the architecture in [56], the common parts shared by
both mmWave and microwave systems include the in-phase
and quadrature (IQ) modulator/demodulator (MODEM), filters
and amplifiers for baseband analog signals, and the frequency
synthesizer as a local oscillator. For the mmWave radio, it
works in the time-division-multiplexing (TDD) mode [57]
with both uplink and downlink sharing the same frequen-
cies, and adopts the frequency synthesizer and multiplier for
the necessary frequency up-conversion or down-conversion.
For the microwave radio, it works in the frequency-division-
multiplexing (FDD) mode, and its signals are processed by
direct-conversion.
C. New Components for Coexistence
In order to enable the coexistence of both mmWave and
microwave technologies in the design of integrated circuits,
new components are proposed as one of the solutions.
5To better facilitate the transmission and reception of wireless
communication systems across both mmWave and microwave
bands, novel antenna design is required.
In [58], the authors propose a coexistent antenna structure,
where two linear antenna arrays are adopted to compensate the
path loss over the mmWave band [59], while a 8 × 8 MIMO
system is constructed to achieve the sufficient data rate over
the microwave band [60], [61].
In [62], the author proposes a dual-band antenna structure,
where a substrate integrated waveguide (SIW) cross-slot an-
tenna [63] and an annular-ring antenna [64] are used over
the mmWave and microwave bands, respectively. In addition,
[62] adopts another smaller annular-ring antenna to address the
misalignment between the main lobe and broadside direction.
Besides antennas, advanced design of other components has
been proposed to further allow the simultaneous operations of
both mmWave and microwave communications.
In [65], a wide-IF-bandwidth Gilbert-cell mixer [66], whose
load stage is realized by an inductor-capacitor (LC) resonant
circuit with a switchable capacitor array, in a complementary
metal-oxide-semiconductor (CMOS) process is proposed. With
the proposed mixer in [65], the mmWave siganls are down-
converted to the IF band and can be transmitted through an
IFoF system.
In [67], the authors propose a dual-band quadrature coupler
configuration, where SIWs and microstrips are adopted for
mmWave and microwave bands, respectively. Suppose SIWs
work with the guided wavelength λg at the operating frequency
f0, there are two points that need to be considered in the design
of [67]. First, microstrips in a higher-order operating mode
affect SIWs. To avoid this undesired effect, two slot apertures
are deployed near the microstrips, since microstrips with slot
apertures behave similar to a parallel resonant circuit with the
band-stop property [68], and the length of both slot apertures
should be
Lslot =
c0
2f0
√
+ 1
2
, (3)
where c0 is the light speed in free space and  is the dielectric
constant of substrates. Second, the transmission between SIWs
and microstrips requires a field matching [69], which can
be obtained by setting the length of substrates as λg . After
addressing these two points, the design in [67] can be utilized
to enable the simultaneous operations over both mmWave and
microwave bands.
D. Resource Management for Coexistence
With the rapid increase in new applications which are
constrained by various quality-of-service (QoS) requirements,
the resource management for proper user scheduling becomes
an essential issue to be addressed in the coexistence of both
mmWave and microwave communications [23], [70].
In [71] and [72], the authors propose a context-aware dual-
mode scheduling framework for joint mmWave and microwave
resource allocation to user applications in user equipment.
With the goal of maximizing the number of satisfied user
applications, the proposed framework in [71] and [72] uses a
set of context information, including the channel state informa-
tion (CSI) of user equipment, the delay tolerance and required
load of user applications, and the uncertainty of mmWave
channels, to perform user application selection and scheduling.
Within this framework, the mmWave transceivers adopt the
antenna arrays to achieve a sufficient beamforming gain for
LoS user equipment [73], while microwave transceivers are
equipped with omni-directional antennas for low overhead
and complexity [74]. For the joint context-aware user ap-
plication selection and scheduling over the microwave band,
it is formulated in [71] and [72] by the matching theory
[75]–[78] as a matching game with externalities [79] between
user applications and microwave resource blocks. With the
proposed algorithm in [71] and [72], it is guaranteed that this
game will end up with a two-side stable matching between
user applications and microwave resource blocks. To enable the
joint context-aware user application selection and scheduling
over the mmWave band, the base stations need to have the
information of each user application’s LoS probability, which
is obtained in [72] with a Q-learning (QL) method [80]–
[82] where the user equipment monitors the successful LoS
transmissions over time and sends the results back to the base
stations. Subsequently, the joint selection and scheduling is
formulated in [72] as a 0-1 stochastic Knapsack optimization
problem [83], which is solved in [72] by an iterative sorting
algorithm.
In [84], the authors propose a semi-blind classification
algorithm for joint mmWave and microwave resource alloca-
tion in both uplink and downlink to a specific access point.
Initially, the QuaDRiGa simulator [85] is adopted to generate
M synthesized access points, with each point connected by L
links. Then, the Rician K-factor [86] and downlink reference
signal receive power (RSRP) [87] of the ith access point
(i = 1, 2, ...,M ), expressed as
Ki =
|h0,i|2∑L−1
l=1 |hl,i|2
, (4)
where h0,i and hl,i, l = 1, 2, ..., L − 1 are the only LoS path
gain and the lth NLoS path gain of the ith access point, and Pi,
respectively, are collected and subsequently projected into a 3D
space with principal component analysis (PCA) [88]. Finally,
the projected Rician K-factor and downlink RSRP are used
as the training data of a support vector machine (SVM) with
nonlinear radial basis function (RBF) kernels [89], and the
trained SVM can be used for the prediction of joint mmWave
and microwave resource management for a future access point.
E. Coexistence in wireless local area networks (WLANs)
Over the last few years, there is a growing demand of
bandwidth-hungry applications, such as web conferencing and
video streaming, which engender an explosion of traffic to
WLANs. In order to alleviate the heavy traffic in WLANs, the
mmWave band plays a crucial role of sharing the workload
of the microwave band, and therefore the coexistence of both
mmWave and microwave bands becomes an essential issue to
WLANs.
6Fixed service
MmWave access point
User equipment
Satellite link
Mmwave link
Satellite
Interference link
Figure 3: Illustration of coexistence of mmWave communications and fixed services
In [90], it is envisioned that the integration of both mmWave
and microwave bands will take place in either the link layer
or the MAC layer of WLANs. For the link layer, the handover
process can be integrated over both mmWave and microwave
bands with hooks defined to enable a fast context transfer
between two radios. Although the handover integration in
the link layer will not cause service interruptions during the
simultaneous operations of both bands, the latency may rise
as a problem since the handover process takes a relatively
long time. For the MAC layer, there exist two types of
integration, upper MAC integration and full MAC integration,
depending on both lower MAC functions and upper MAC
functions. Lower MAC functions are based on hardware,
requiring precise timing and rapid responses, while upper
MAC functions are based on software, allowing rather loose
timing requirements. Accordingly, the integration is called
upper MAC integration if only upper MAC functions are
involved, and is called full MAC integration if both upper and
lower MAC functions are involved. Both types of MAC layer
integration take a relatively short time, which will not cause a
significant latency, but they might not allow the simultaneous
operations of both mmWave and microwave services.
In [91], a MAC protocol where multi-band stations can
adopt fast session transfers (FSTs) to offload traffic that causes
excessive delays from the congested microwave band to the
mmWave band in WLANs is proposed. The scenario consid-
ered in [91] begins with a station S1 transmitting a packet to
another station S2 over the microwave band. If the number of
transmission failures of the packet reaches m, S1 initiates an
FST with S2 with probability β. Suppose the FST happens.
Initially, the MAC layer of S1 sends an FST setup request
to S2, and then S2 handshakes with S1 for confirmation.
Subsequently, the mmWave MAC layer management entity
(MLME) of S1 initiates an FST acknowledgement request to
S2, and then S2 sends an FST acknowledgement response
to S1. At this moment, the FST is done and the packet
transmission is ready to be reallocated to the mmWave band.
Finally, S1 requests a contention-free time slot and transmit
the packet during the time slot over the mmWave band.
In [92], the authors study the adoption of multipath trans-
mission control protocol (MPTCP) [93], due to its switchover
capability [94]–[97], for the coexistence of both mmWave
and microwave bands in WLANs. Particularly, [92] experi-
ments with MPTCP in two modes: fullmesh and backup, and
demonstrates that the backup mode of MPTCP can provide a
sufficient throughput in the coexistence of both mmWave and
microwave bands.
III. COEXISTENCE WITH FIXED SERVICES
In this section, we study the issues regarding the coexistence
of cellular networks and fixed services over the mmWave band.
An illustration of coexistence of mmWave communications
and fixed services is shown in Fig. 3, where additional in-
terference links affect the operation of both cellular networks
and fixed services.
A. Coexistence with Fixed Satellite Services
Over the past years, various fixed satellite services work
steadily over the mmWave band [98]–[100]. However, the in-
coming mmWave communications operated by next-generation
cellular networks and these fixed satellite services will interfere
with each other. As a result, the level of protection from the
interference generated by the interferer for the victim needs to
be determined in order to allow their coexistence.
In [101]–[103], the authors investigate the coexistence of
both cellular networks and fixed satellite services over the
mmWave band. The log-scale interference generated by a base
station to a fixed satellite service can be expressed as [101],
[102]
I = PBS +Gomni + 10log(|vThFSS |2) +GFSS(φ)− L(d), (5)
where PBS is the base station transmit power, Gomni is the
antenna gain without beamforming, v is the beamforming
precoding vector selected by the base station, hFSS is the
channel matrix between the base station and the fixed satellite
7service, d is the distance between the base station and fixed
satellite service, L(d) is the path loss at the distance d, and
GFSS(φ) is the fixed satellite service antenna gain in the
direction φ and can be expressed as
GFSS(φ) =
{
Gmax, 0
◦ < φ < 1◦
32− 25logφ, 1◦ ≤ φ < 48◦
−10, 48◦ ≤ φ < 180◦
, (6)
where Gmax is the fixed satellite service gain in the main
beam axis, φ = cos−1(cos(α)cos(θ)cos() + sin(α)sin()),
where α is the fixed satellite service elevation angle, θ is the
base station azimuth with regard to the main lobe of the fixed
satellite service receiver, and  = ht−hsd − d2r , where ht and
hs are the height of the base station and fixed satellite service,
respectively, and r is the effective earth radius.
Specifically, [101] proposes a cooperative scheduling algo-
rithm for base stations to control the level of interference
received by fixed satellite services in downlink [104], [105] by
modeling the coexistence as a potential game [106], which can
be used to tackle different tasks in wireless networks [107]–
[109]. There are three versions of the proposed algorithm in
[101]. The first one is aimed at maximizing the mean spectral
efficiency of users within the coexistence, the second one is
aimed at minimizing the interference received by fixed satellite
receivers, and the third one is aimed at balancing between the
mean spectral efficiency of users and the interference received
by fixed satellite receivers. With the proposed algorithm in
[101], it can be shown that the considered potential game
becomes a specific one with a Nash equilibrium solution [106],
[107].
Moreover, [102] considers three scenarios in the coexistence
of both cellular networks and fixed satellite services. In the
first scenario, where a single omni-directional base station
is evaluated, it is shown that a larger fixed satellite service
elevation angle α leads to less interference received by fixed
satellite services. In the second scenario, where multiple omni-
directional base stations whose parameter setting follows [2]
are evaluated, it is shown that a larger distance d between base
stations and fixed satellite services, and a larger fixed satellite
service elevation angle α lead to less interference received by
fixed satellite services. In the third scenario, where multiple
directional base stations equipped with multiple antennas and
RF beamforming are evaluated, it is shown that RF beam-
forming and a larger antenna array in base stations, and a
larger distance between base stations lead to less interference
received by fixed satellite services.
Furthermore, [103] studies the effects of the coexistence
of base stations and a specific fixed satellite service on the
performances of user equipment. In the scenario considered
in [103], there is no cooperation between base stations, and
the path loss model in [105] and the single-input-single-
output (SISO) long-term evolution (LTE) in [110] are adopted.
Suppose the user equipment is served by the base station
indexed as j. Then, the performances of user equipment are
evaluated in terms of the capacity, which is expressed as
C = Blog(1 +
PBS +GBS − L(dj)
N + Ij
), (7)
where B is the effective bandwidth, N is the noise power
density, dj is the distance between the user equipment and
base station indexed as j, and Ij is the interference, which
can be expressed as
Ij = PFSS+GFSS(φ)−L(dFSS)+
∑
n 6=j
PBS+GBS−L(dn), (8)
where PFSS is the fixed satellite service transmit power, and
dFSS and dn are the distances between the user equipment
and the fixed satellite service and between the user equipment
and the base station indexed as n, respectively. Note that the
other notations follow [101] and [102]. It is found in [103]
that the performances of user equipment can be enhanced with
beamforming and an increase in the antenna number, the base
station density, the fixed satellite service elevation angle, and
the distance between the fixed satellite service and its nearest
neighboring base station.
In [111], the authors investigate the interference from access
points to space stations and from earth stations to access points
within the coexistence of cellular networks and fixed satellite
services over the mmWave band. Suppose the distribution of
user equipment follows a Poisson point process in a sector
region [112]. Note that the NLoS channel conditions for the
interference from access points to space stations include a
clutter loss, which is one of the sources of the diffraction loss
[113]. Denote the set of 5G sectors as S5s, which contains
N[S5s] sectors. Then, the interference from access points to
space stations and from earth stations to access points can be
expressed as [111]
Iaggr(N[S5s]) = I5g × N[S5s] (9)
and
Ies =
PT,esGes,aGap,a(xue)Gap,e(xue)
PLes→ap
, (10)
respectively, where
I5g =
1
|Rk2|
∫
xue∈Rk2
PT,apGap,a(xue)Gap,e(xue)Gss,3db
PLap→ss
dxue, (11)
where Rk2 and |Rk2| are the region and area of a sector,
respectively, PT,ap and PT,es are the transmit power of the
access point and the earth station, respectively, PLap→ss and
PLes→ap are the path loss between the access point and the
space station and between the earth station and the access
point, respectively, Gap,a(xue) and Gap,e(xue) are the azimuth
and elevation beamforming gains of a downlink transmission
to user equipment with position xue in the direction toward the
space station, respectively, Gss,3db is the beamforming gain of
the space station receiver antenna within its 3dB-contour, and
Ges,a is the azimuth of the earth station.
In [114], the authors propose a physical layer security frame-
work for the coexistence of cellular networks and fixed satellite
services over the mmWave band, extending from [115]–[120].
Within the framework, the LoS path loss model in [121] and
the passive eavesdroppers characterized in [122] are adopted.
Accordingly, the scenario becomes a constrained optimization
problem to maximize the worst-case achievable secrecy rate
of secondary users while satisfying the constraints of a base
8station transmit power budget and an allowable interference
level to primary users, given that either coordinated or unco-
ordinated eavesdroppers exist. For the presence of coordinated
eavesdroppers, [114] transforms the original problem into a
min-max one and proposes a heuristic beamforming scheme
to solve it. For the presence of uncoordinated eavesdroppers,
[114] introduces an auxiliary variable to convert the original
problem into a semi-definite programming one with rank-one
constraints and proposes an iterative penalty function based
algorithm to solve it.
In [123], the authors study the coexistence of cellular
networks and fixed satellite services at 40 GHz. In the scenario
considered in [123], the number of base stations, which adopt
massive MIMO systems [124] with the channel models in
[125], is
N = SurbRaurbDsurb + SsubRasubDssub , (12)
where Surb and Ssub are the sizes of urban and suburban areas,
respectively, Raurb and Rasub are the ratios of hotspot areas to
urban and suburban areas, respectively, and Dsurb and Dssub
are the hotspot densities of urban and suburban hotspot areas,
respectively. It is found in [123] that the interference from
base stations to fixed satellite services can be mitigated with
massive MIMO due to the resulting narrower beams and more
space diversity.
B. Coexistence with Other Incumbents
Besides fixed satellite services, there are other incumbents
working over the mmWave band. Therefore, the coexistence
of next-generation cellular networks and these incumbents in
mmWave frequencies needs to be considered as well.
In particular, there is a growing interest in the coexistence
of cellular networks and existing incumbents over the band
beyond 70 GHz [126], since this band is licensed worldwide
and features a large available spectrum [127]. Over this band,
the interference from the interferer to the victim depend on
three factors: the path loss, the equivalent isotropic radiated
power (EIRP) from the interferer, and the effective antenna
gain at the victim [111], [128], [129].
Generally, the existing interference mitigation techniques
can be classified as two categories, including active mitigation
and passive mitigation. For the active mitigation, probes in-
stalled near the victim monitor the level of interference caused
by each of the cells and require the cells generating an excess
level of interference offload part of work to other cells [127].
For the passive mitigation, the common approaches adopted
include angular exclusion zones [111], [129], [130], which
limit the use of beams within some sectors in the angular
domain, and power control [129], which adjust the interferer
transmit power.
In addition, there is other research focusing on the coexis-
tence at different frequencies.
In [131], the authors investigate the downlink and uplink
interference between base stations and mobile stations to fixed
services at 39 GHz. According to [131], the downlink and
uplink interference between a base station i and its associated
mobile station j to a fixed service k can be expressed as
Id,ijk = Pi +G(φ
+, θ+) +G(φ∗, θ∗)− L(dik) (13)
and
Iu,ijk = Pj +G(0, 0) +G(φ
∗, θ∗)− L(djk), (14)
respectively, where Pi and Pj are the transmit power of the
base station i and the mobile station j, respectively, φ+ and θ+
are the azimuth and the elevation angle between the transmit
beam of the base station i and the fixed service k, respectively,
φ∗ and θ∗ are the azimuth and the elevation angle between
the receive beam of the fixed service k and the base station i,
respectively, L(dik) and L(djk) are the attenuation regarding
the distance between the base station i and fixed service k and
the distance between the mobile station j and fixed service k,
respectively, and G(φ, θ) is the receiver antenna gain of the
fixed service k at the azimuth φ and elevation angle θ.
In [132], the coexistence of both ITS and other wireless
services over the 60 GHz band is studied. Specifically, [132]
evaluates the required minimum coupling loss (MCL) [133],
which is the required minimum path loss to suppress the
interference from the interferer to the victim to an acceptable
level of the interference-to-noise ratio ( IN ) and carrier-to-
interference ratio (CI ), expressed as
MCL(
I
N
) = Pint − Lvic − I
N
−N (15)
and
MCL(
C
I
) = Pint + Lvic +
C
I
− STvic, (16)
respectively, where Pint is the EIRP of the interferer, Lvic and
STvic are the sidelobe attenuation and antenna sensitivity of
the victim, respectively.
IV. COEXISTENCE WITH NOMA
Frequency
Power
User equipment 1
User equipment 2
User equipment 3
Figure 4: Illustration of principles of NOMA
In this section, we focus on the issues regarding the co-
existence of mmWave communications and NOMA in next-
generation cellular networks. An illustration of the principles
of NOMA is shown in Fig. 4, where different user equipment
can occupy the same frequency bin if allocated different power.
In [12] and [134], the authors adopt the random beam-
forming in the downlink transmission with the coexistence
9of mmWave communications and NOMA. For the system
model, [12] and [134] assume that the user distribution in a
disc area follows a homogeneous Poisson point process [135],
and use a LoS-dominant channel model [136], [137] with
the LoS probability derived in [138] and [139]. In addition,
[12] and [134] utilize the analog precoding for mmWave
communications, the two-user case for NOMA [140], [141],
and the beamformer in [137] and [142], which is a special case
of [143]. Accordingly, [12] and [134] analyze the single-beam
and multiple-beam cases in terms of the sum rate and outage
probability, and propose two random beamforming schemes
with limited feedback in order to reduce the system overhead.
The first scheme considers only the distances between base sta-
tions and users as the available information, while the second
scheme further restricts the available information to one bit
representing the channel quality, according to a predetermined
threshold, sent from users to base stations.
In [144] and [145], the uplink and downlink transmissions
of joint mmWave and NOMA systems under more realistic
conditions are studied. It is shown in [144] and [145] that the
performances of these systems can be enhanced with a denser
deployment of base stations.
In [146], the multicasting, which is widely adopted in
wireless networks [147]–[151], within the coexistence of
mmWave communications and NOMA is studied. Specifically,
[146] demonstrates that the multicasting spectrum efficiency
in mmWave communications can be enhanced with NOMA,
provides an analysis of the corresponding coverage probability,
sum multicast rate, and average number of served users,
and proposes cooperative algorithms to improve the system
performances.
In [152], the authors investigate the effect of joint NOMA
and orthogonal frequency division multiple access (OFDMA)
resource allocation to user equipment with mmWave commu-
nications on the cell capacity. Note that in a two-user case
(where two users are in the same cell), with UE1 and UE2
representing the user closer to the base station and cell edge,
respectively, the power allocated to UE1 and UE2 given a
total power budget Ptotal with NOMA can be expressed as
[153]
PUE1 =
√
1 + SNRUE2 − 1
SNRUE2
× Ptotal (17)
and
PUE2 = Ptotal − PUE1 , (18)
respectively, where SNRUE1 and SNRUE2 are the signal-to-
noise ratio (SNR) of users UE1 and UE2, respectively. It
is found in [152] that the cell capacity is maximized when
NOMA is used for all user equipment.
V. OTHER COEXISTENCE ISSUES
In this section, we introduce the other coexistence issues of
mmWave communications.
With recent advancements in mmWave communications, it
is expected that various services will be operated over the
mmWave band in the near future. Therefore, the coexistence of
different services at mmWave frequencies becomes an essential
task that needs to be addressed in the design of next-generation
communications.
In [154] and [155], the authors investigate the coexistence
of multiple RATs, which transmit signals via beamforming,
within mmWave networks. During the scheduling for beam-
forming in [154] and [155], a beam sequence with indices of
beams employed at different time slots is formed. Accordingly,
the scheduling for an optimal beam sequence to maximize the
spectral efficiency of the whole network is a combinatorial
optimization problem, which is NP-hard and computationally
intractable [156]. In order to deal with this problem, [154] and
[155] propose two algorithms. The first one is called distributed
greedy scheduling, which maximizes the individual utility
function of each RAT with a block-coordinated optimization
algorithm [157]. The second one is called distributed learning
scheduling, which allocates an initial probability to each pos-
sible sequence, and update the probability and utility function
of each sequence iteratively until the number of iterations hits
a predetermined threshold.
In [158], the coexistence of multiple wireless body area
networks (WBANs) at mmWave frequencies is studied. In-
spired by the therapeutic applications of mmWave [159], [160],
the mmWave WBANs are proposed as a solution to the
industry of telemedicine and e-health; however, these networks
suffer from a severe interference in densely populated areas
[161]. In order to combat this drawback, [158] formulates the
coexistence issue as a non-cooperative and distributed game,
where each network selects an optimal transmission power
to maximize its signal-to-interference-plus-noise ratio (SINR),
and derives the Nash equilibrium solution [162] to this game.
Moreover, [158] proposes a pricing policy to further improve
the Nash equilibrium solution’s efficiency in terms of the
Pareto optimality and social optimality [163].
In [164], the coexistence of multiple operators, with each op-
erator having its own spectrum license with a fixed bandwidth,
over the mmWave band is investigated. Within the scenario
considered in [164], the distribution of the base stations,
which are equipped with steerable antennas whose radiation
pattern follows [22], of each operator follows a Poisson point
process, which can be divided into two Poisson point processes
containing the base stations with LoS links and with NLoS
links, respectively, to a specific user [112]. Subsequently, the
SINR and rate coverage probability of each operator for the
specific user are explicitly derived in [164]. In addition, it
is shown in [164] that the optimal level of spectrum sharing
depends on the target system rate.
In [165], the authors study the effect of heterogeneous
antenna arrays on the coexistence of multiple devices, which
enable D2D communications, over the mmWave band. For
the system model, [165] assumes that the D2D users form
a K-tier Poisson bipolar network [135], [166], where the
gain function of antenna arrays with a specific pattern in any
tier follows [167], and adopts the LoS model in [168] and
the cosine antenna pattern in [169] to reflect the blockage
effect. Accordingly, [165] proposes a mathematical framework,
where the statistics of the interference caused by heterogeneous
antenna arrays with different beams can be derived as closed-
form expressions and further approximated by a mixture of
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the inverse gamma and log-normal distributions, and provides
analytical expressions of both SINR and rate, which can be
bounded or approximated for a tractable computation, of D2D
networks with mmWave communications.
In [170], the authors review the spectrum sharing among
multiple radar systems over the mmWave band for mmWave
joint radar communications, whose feasibility has been demon-
strated in [171], from a signal processing perspective. Gen-
erally, the effective spectral efficiency of mmWave joint
radar communications depends on the receiver implementa-
tion [172]–[174]. In order to achieve a better interference
management for mmWave joint radar communications, several
schemes have been proposed focusing on either transmitters
(e.g., [175], [176]) or receivers (e.g., [177], [178]).
Besides the above issues, several other issues regarding
mmWave communications have been studied in the literature
as well.
In [179] and [180], two architectures that enable the coex-
istence of wireless mmWave WDM-RoF and wired baseband
signals are proposed. Specifically, [179] and [180] adopt the
optical-frequency interleaving in [181] and a reflective semi-
conductor optical amplifier, respectively, as the key technolo-
gies for the coexistence.
In [182], the coexistence of mmWave communications and
other technologies is studied. Initially, [182] reviews several
coexistence scenarios that involve mmWave communications
and another single technology, e.g. the coexistence of mmWave
communications and massive MIMO in [183], and the coexis-
tence of mmWave communications and ultra-dense networks
in [184]. Then, [182] considers the coexistence of mmWave
communications and other multiple technologies, including
ultra-dense networks, optical wireless communications, mas-
sive MIMO, NOMA, and full duplex with an analysis, where
mmWave communications generate a low inter-cell co-channel
interference, ultra-dense networks reduce the access distance
between users and base stations, optical wireless communica-
tions are suitable for indoor users, massive MIMO and NOMA
can be combined for both multi-connectivity and improved
power allocation, and full duplex enhances the spectral effi-
ciency.
VI. NUMERICAL EVALUATIONS
In this section, we execute two evaluations, which are
inspired by the literature, to simulate the coexistence issues
of broadband mmWave communications and provide the nu-
merical results for a further analysis.
The first evaluation studies the coexistence of ITS and other
wireless services over the mmWave band, while the second
evaluation studies the coexistence of mmWave communica-
tions and NOMA.
A. Parameter Settings
For the following two evaluations, the path loss (in dB) is
expressed as
PL = 32.45 + 20log10f + 20log10d, (19)
where f is the frequency (in MHz) and d is the distance (in
km).
In the first evaluation, we investigate the relation between i)
the required protection distance d between the interferer and
victim and ii) the acceptable level of interference IN or
C
I for
the victim with two cases within the coexistence of ITS and a
wireless service.
We follow the parameter settings in [185] for this evaluation.
The frequency is set as f = 64 GHz. For the first case,
we consider the scenario where ITS is the interferer and the
wireless service is the victim, and the interference-to-noise
ratio IN is adopted as the interference criterion for the victim.
The EIRP of the interferer is set as Pint = −29 dBm, and
the sidelobe attenuation and noise power density of the victim
are set as Lvic = 25 dB and N = −123 dBm, respectively, in
this case. Besides, the interference-to-noise ratio IN is tested
over {−40,−39, ..., 0} dB in this case. For the second case,
we consider the scenario where the wireless service is the
interferer and ITS is the victim, and the carrier-to-interference
ratio CI is adopted as the interference criterion for the victim.
The EIRP of the interferer is set as Pint = 31 dBm, and the
sidelobe attenuation and antenna sensitivity of the victim are
set as Lvic = 3 dB and ST = −86 dBm, respectively, in this
case. Besides, the carrier-to-interference ratio CI is tested over{0, 1, ..., 40} dB in this case. Note that the MCL in terms of
the maximum acceptable IN and the minimum acceptable
C
I ,
MCL( IN ) and MCL(
C
I ), can be computed with (15) and (16),
respectively, and the protection distance d can be obtained with
(19), where we substitute MCL( IN ) or MCL(
C
I ) for PL.
In the second evaluation, we consider a two-user case,
with UE1 and UE2 representing the user (with a unity user
equipment gain) closer to the base station and cell edge,
respectively, within the coexistence of mmWave communica-
tions and NOMA, and investigate the relation between i) the
capacity C and ii) the distance to the base station d of UE1.
The carrier frequencies, effective bandwidth, noise power
density, and base station transmit power are set as f =
{30, 70} GHz, B = 5 MHz, N = −174 dBm, and Ptotal = 40
dBm. Besides, the distance to base station d is tested over
{1, 2, ..., 20} km in this evaluation. Note that the capacity (in
bits/s) of UE1, whose received interference is assumed to be
perfectly cancelled, is expressed as
C = Blog2(1 + SNRUE1) (20)
and the power allocation (in dBm) to UE1 and UE2, PUE1
and PUE2 , can be computed with (17) and (18), respectively,
iteratively until convergence, where SNRUE1 = PUE1 −
PLUE1 − N and SNRUE2 = PUE2 − PLUE2 − N , where
PLUE1 and PLUE2 are the path loss of UE1 and UE2,
respectively, obtained with (19).
B. Numerical Results
For the first evaluation, the results are shown in Fig. 5.
Specifically, the relations between the minimum protection
distance d and the maximum acceptable interference-to-noise
ratio IN in the first case and between the minimum protection
distance d and the minimum acceptable carrier-to-interference
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ratio CI in the second case are shown in Figs. 5(a) and 5(b),
respectively.
According to the results in Fig. 5, it can be found that the
minimum protection distance decreases with an increase in the
maximum acceptable interference-to-noise ratio in a decreas-
ing speed, while increases with an increase in the minimum
acceptable carrier-to-interference ratio in an increasing speed.
For the second evaluation, the results are shown in Fig.
6, demonstrating the relation between the capacity and the
distance to the base station of UE1.
According to the results in Fig. 6, it can be observed that
the capacity decreases with an increase in the distance to the
base station in a decreasing speed. In addition, it can be found
that a lower frequency leads to an increased capacity.
VII. CHALLENGES AND FUTURE DIRECTIONS
The recent advancements in the coexistence issues of broad-
band mmWave communications, classified into four categories,
have been systematically reviewed in Sec. II, III, IV, and V,
respectively.
In this section, we point out the challenges and future
directions in each category.
A. Coexistence with Microwave Communications
In this category, novel structure design and cooperative
schemes have been proposed for the coexistence of both
mmWave and microwave communications.
However, there are still several challenges to be overcome
in order to enhance their coexistence. The high complexity for
MAC protocols, mobility management, and beam tracking is
a significant problem [38], [44]. Moreover, an efficient load
balancing scheme is required in order to mitigate the high
traffic in wireless networks [44]. Furthermore, the cooperative
caching and proper user association are needed for an efficient
content caching [20].
Therefore, the future directions include the design of low-
complexity efficient control schemes and the effective strate-
gies for content caching.
B. Coexistence with Fixed Services
In this category, the characterization and mitigation of in-
terference within the coexistence of mmWave communications
and fixed services have been discussed.
However, there are still some open challenges about their
coexistence and the corresponding interference. The spectrum
availability within the coexistence has not been fully inves-
tigated. Besides, existing interference mitigation techniques
affect both uplink and downlink transmissions [127]. More-
over, advanced antenna design and beamforming schemes are
needed for better spectrum sharing. In addition, the coexistence
scenarios considered in the literature are based on rather
unrealistic models [101], [102], [127].
Consequently, the future directions include the study of
spectrum availability, novel interference mitigation techniques
which strike a balance between the interference and transmis-
sion performances, advanced design of antennas and beam-
forming schemes, and the analysis based on more realistic
models such as 3D stochastic processes.
C. Coexistence with NOMA
In this category, the combination of mmWave communi-
cations and NOMA for better spectrum sharing and power
allocation within their coexistence has been investigated.
However, some challenges regarding their coexistence re-
main open and need to be addressed. The applicability of
NOMA to multi-cell mmWave networks where synchroniza-
tion errors and inter-cell interference exist is still not clear
[152]. In addition, the coexistence analysis is mostly based on
the perfect CSI, which is unrealistic.
As a result, the future directions include the feasibility of
NOMA in multi-cell mmWave networks and the coexistence
analysis based on the imperfect CSI.
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D. Other Coexistence Issues
In this category, discrete topics from various perspectives on
the coexistence issues of broadband mmWave communications
have been studied.
However, there are still plenty of challenges to be over-
come in these topics, and we mention some of them below.
The fairness among RATs within their coexistence over the
mmWave band has not been fully considered in the literature
[154]. Besides, novel multi-antenna techniques are required for
an efficient license sharing [164].
Therefore, the future directions include the fairness among
RATs and new multi-antenna schemes over the mmWave band.
VIII. CONCLUSIONS
In this paper, we provide a systematic review of recent
advancements in the coexistence issues of broadband mmWave
communications, which are classified into four categories:
coexistence with microwave communications, coexistence with
fixed services, coexistence with NOMA, and other coexis-
tence issues. In addition, we present the results of numerical
evaluations inspired by the literature for a further analysis
and illustrate some challenges and future directions for each
category of issues as a research roadmap.
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